OBJECTIVE: Vaporized perfluorocarbon (PFC) is a treatment for lung injury; this study investigated its mode of action and potential protective effects on other organs, which are unclear. METHODS: Acute lung injury was induced by lung lavage with artificial seawater in 32 female New Zealand White rabbits. Animals received either conventional mechanical ventilation (CMV), positive end-expiratory pressure under CMV (PEEP), vaporized PFC ventilation, or positive end-expiratory pressure with vaporized PFC ventilation (PEEP + PFC). Histopathology of the lung, small intestine, liver and kidney were investigated. Matrix metalloproteinase (MMP)-9 mRNA levels in the lung were analysed. RESULTS: Pathological injury of the lung was significantly alleviated in the PEEP, PFC and PEEP + PFC groups compared with the CMV group. Tissue damage in the liver, kidney and small intestine was similar between all groups. MMP-9 mRNA levels in the PEEP, PFC and PEEP + PFC groups were significantly lower than those in the CMV group. CONCLUSIONS: Vaporized PFC ventilation can significantly alleviate lung injury but has no significant protective effect on other organs. Alleviation of lung injury may be associated with MMP-9 inhibition. KEY WORDS: PERFLUOROCARBON; ACUTE LUNG INJURY; MATRIX METALLOPROTEINASE-9 (MMP-9); MULTIPLE ORGAN INJURY •
Introduction
The World Health Organization estimates the annual worldwide incidence of death by drowning to be about 400 000. 1 Pulmonary oedema can occur regardless of whether drowning occurs in freshwater or seawater, and results in decreased pulmonary compliance and increased ventilation/ perfusion mismatch. 2 Water aspiration can induce acute lung injury (ALI) or its more severe form, acute respiratory distress syndrome (ARDS), which is characterized by rapid-onset respiratory failure and an acute inflammatory process in air spaces and the lung parenchyma. ALI can induce or be complicated by multiple organ dysfunction syndrome. 3, 4 Mechanical ventilation is an essential treatment for ALI/ARDS, although B Han, X Zhao, X Huang et al. PFC inhibition of MMP-9 protects against lung injury the mortality rate still exceeds 40%. 5 Vaporized perfluorocarbon (PFC) may be a new method for ALI/ARDS treatment. Vaporization of PFC can effectively improve lung compliance, pulmonary gas exchange and oxygenation, partial pressure of oxygen (PO 2 ), and reduce intrapulmonary shunting and pathological changes associated with lung injury; consequently it has a substantial pulmonary protective role. 6 -8 In addition, PFC has anti-inflammatory effects, despite its bio chemically inert structure, 9 -11 and may reduce inflammatory cytokine production. 12 -16 It is not clear whether vaporized PFC-induced anti-inflammatory effects may also have protective effects in extrapulmonary organs.
Matrix metalloproteinases (MMPs) are a family of zinc-dependent enzymes that degrade extracellular matrix (ECM) proteins. MMPs specifically degrade denatured collagen, basement membrane type IV collagen and elastin. These proteins are important in the pathogenesis of ALI, where they destroy the basement membrane, promote inflammatory cell migration and stimulate reconstruction of the ECM. 17 -20 MMP-9, which is shown to degrade type IV collagen (the major constituent of basement membranes) is an important member of the MMP family. 21 MMP-9 is thought to be important in the pathogenesis of ALI and ARDS, because increased levels of MMP-9 in bronchoalveolar lavage may induce basement membrane disruption. 22, 23 Increased MMP-9 levels in patients with ALI may promote destruction of normal tissue architecture and increase migration of inflammatory cells to the injured sites. 24, 25 Moreover, doxycycline -an MMP-9 inhibitor -can protect against lung injury. 26 It is not known whether the protective effect of vaporized PFC in the lung is associated with a reduction in MMP-9 levels.
The present study used histopathology to investigate the protective effects of vaporized PFC on the kidneys, liver and small intestine during ALI, and to elucidate the protective mechanism of vaporized PFC. It was hypothesized that vaporized PFC could reduce MMP-9 levels, thereby attenuating lung damage.
Materials and methods

ANIMAL MODEL OF ALI
Thirty-two female New Zealand White rabbits (mean ± SD weight 3.00 ± 0.18 kg; Beijing Keyu Experimental Animal Centre, Beijing, China) were used in the study and raised in specific pathogen-free animal houses (12-h light/12-h dark cycle, free access to food and water). All studies were performed with the approval of the Experimental Animal Committee of the Chinese PLA General Hospital, Beijing, China, and were conducted in accordance with the Chinese PLA General Hospital Institutes of Health Guidelines for Animal Use.
The ALI model was established by a method described previously. 27 Briefly, anaesthesia was induced using pentobarbital sodium (30 -40 mg/kg) via the ear vein. An endotracheal tube was inserted into the trachea and connected to a ventilator (PB 840™; Puritan Bennett, Pleasanton, CA, USA) for mechanical ventilation. Volume-controlled intermittent positive-pressure ventilation was initiated. The ventilation was set to an inspired oxygen concentration of 40%, a positive endexpiratory pressure (PEEP) of 0 cmH 2 O (1 cmH 2 O = 0.098 kPa), a respiratory frequency of 40 inspirations/min and a tidal volume of 8 ml/kg. Throughout the experiment, an intravenous infusion of the muscle relaxant vecuronium bromide at 1 mg/kg per h (Organon Teknika NV, Boxtel, The B Han, X Zhao, X Huang et al.
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Netherlands) was maintained. The ALI model was then established by the intratracheal infusion of 2 ml/kg artificial seawater (Third Institute of Oceanography State Oceanic Administration, Xiamen, China). After 15 min, arterial blood (1 ml) was drawn for blood gas analysis (cobas ® b221 blood gas analyser; Roche, Basel, Switzerland). The syringe was flushed with 2.5 IU/ml heparin (Shanghai No. 1 Biochemical and Pharmaceutical Co. Ltd, Shanghai, China) before drawing blood. An oxygenation index (PO 2 /fraction of inspired O 2 ) of ≤ 200 mmHg was maintained for 30 min and was used as an index of the successful induction of ALI. After ALI was established, the inspired oxygen concentration was set at 80% and the appropriate treatment was administered in accordance with the protocols for each group. 28 
VAPORIZED PFC
Vaporized PFC was prepared using C 8 F 18 (Beijing Tianshui Science & Trade Co., Beijing, China). To begin treatment, the heated humidifier (MR 310 Device; Fisher & Paykel Healthcare Ltd, Auckland, New Zealand) that was connected to the ventilator circuit was replaced with the same model of heated humidifier containing the equivalent PFC, and the temperature was raised to scale 2 (PFC liquid temperature of 47 -49°C with the Y-port in the ventilator pipe at 37 -38°C). Vaporized inhalation therapy was then started.
STUDY TREATMENT
Animals were randomly assigned to one of four groups (n = 8 per group) using a computer-generated randomization schedule. The animals in the conventional mechanical ventilation (CMV) group were ventilated for 6 h and designated as the control group. The animals in the PEEP group were treated with PEEP (8 cmH 2 O) for 2 h under continuous CMV followed by 4 h of CMV alone. The animals in the PFC group were treated with vaporized PFC (6 -7 ml/kg per h) for 2 h under continuous CMV followed by 4 h of CMV alone. The animals in the PEEP + PFC group were treated with both PEEP and PFC for 2 h under continuous CMV followed by 4 h of CMV alone.
SAMPLE COLLECTION AND PHYSIOLOGICAL DATA ANALYSES
Arterial blood was collected at the following time points: (i) prior to the infusion of artificial seawater; (ii) 15 and 45 min after the seawater infusion; (iii) every 30 min during the treatment procedure; and (iv) every 1 h during the observation period. Haemodynamic and respiratory data were collected using an AVL Omni blood gas analyser (AVL Scientific Corporation, Roswell, GA, USA). Animals were sacrificed immediately after completion of the treatment phase by injection with potassium chloride, and their organs were harvested and fixed in 10% formalin or stored in liquid nitrogen.
HISTOLOGY AND LESION SCORING
Tissue samples were decalcified using 8% ethylenediaminetetra-acetic acid for 3 -4 weeks, then dehydrated in a graded series of ethanol (70%, 80%, 90%, 95% and 95% for 2 h each, and 100% twice for 1 h) and cleared in xylene twice for 1 h each time, before being soaked in molten paraffin twice for 2 h each time. The tissues were then paraffin embedded, cut into 4-µm thick tissue sections, stained with haematoxylin and eosin and examined under light microscopy (Olympus 1X81-F72FL/PH microscope; Olympus Optical Co., Tokyo, Japan).
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The grade of pulmonary lesion was expressed as the sum of the individual score grade from 0 to 3 (0, none; 1, mild; 2, moderate; 3, severe), as previously described, 29 for each of the following six parameters: interstitial oedema; alveolar oedema; alveolar haemorrhage; atelectasis; inflammatory cellular infiltration; pulmonary hyaline membrane formation. Lesions of the small intestine were scored as follows: 30 0, no lesion; 0.5, oedema and congestion in intestinal mucosa but no necrotic lesions; 1, lesions localized in the intestinal mucosa with scattered bleeding points; 2, necrosis involved in the superficial mucosa with multiple bleeding points in the mucosa; and 3, whole layer necrosis with intestinal cavity bleeding. Renal and hepatic lesions were scored according to the grading systems described by Zhang et al., 31 Tables 1 and 2 . All samples were analysed in a blinded manner.
listed in
QUANTITATIVE REAL-TIME RT-PCR ANALYSIS OF MMP-9 MRNA LEVELS
The levels of MMP-9 mRNA were analysed by quantitative real-time reverse transcriptionpolymerase chain reaction (RT-PCR). Total
Grade
Observed histology The relative mRNA level of MMP-9 in each sample was calculated using the 2 -∆∆CT method of Pfaffl. 32 Baseline and threshold values were determined automatically using the Line-gene K Real-time PCR Detection System. The amount of target-gene expression was calculated from the respective standard curves, and the quantitative level of MMP-9 mRNA was normalized against the value for the housekeeping gene, GAPDH.
STATISTICAL ANALYSES
Data are presented as mean ± SD of single values for each group. All statistical tests were performed with SPSS ® software, version 15.0 (SPSS Inc., Chicago, IL, USA) for Windows ® . Differences between the four groups were analysed using analysis of variance or the Mann-Whitney U-test. A value of P < 0.05 was considered to be statistically significant.
Results
There were no statistically significant between-group differences in the starting oxygenation indices. Following ALI, there was a significant decrease in the oxygenation index of animals compared with values before artificial seawater infusion (P < 0.05). The oxygenation indices in the PEEP and the PEEP + PFC groups rose rapidly in the second 30 min of treatment, whereas the value in the PFC group rose more slowly (Fig. 1) . The relative levels of the oxygenation indices in the three groups were PEEP + PFC > PEEP > PFC when compared with the CMV group, until the 3.75-h time point. By the 6.75-h time point, the oxygenation index in the PFC group remained higher than that in the PEEP group, and was close to that in the PEEP + PFC group, whereas the oxygenation index in the CMV group remained low and did not change significantly across the treatment period. The oxygenation index in the PEEP group and the PEEP + PFC group decreased gradually between 2.75 and about 4 h, when the values stabilized. The oxygenation index in the PEEP + PFC group decreased to that in the PFC group at 3.75 h, while the index in the PEEP group was between the indices in the PFC and CMV groups. By the 6.75-h time point, the oxygenation indices in the treatment groups remained significantly higher than that in the CMV group (P < 0.05) ( Fig. 1) .
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Macroscopic findings confirmed that the livers of animals in the CMV group were normal in shape and colour. Microscopic analysis showed that hepatocytes were swollen or showed eosinophilic degeneration, and inflammatory cell infiltration was observed in the periportal area. The sinus hepaticus was mildly narrowed. Scattered spot necrosis could be seen occasionally within hepatic lobules (data not shown). In the PEEP group, the liver was normal in shape and colour, and microscopic examination showed that hepatocytes were mildly swollen, with inflammatory cell infiltration in and around the periportal area (data not shown). Livers in the PFC group were normal in shape and colour. Microscopic analysis showed that hepatocytes were mildly oedematous, the sinus hepaticus was congested and narrowed, Kupffer cell proliferation was occasionally visible, and inflammatory cell infiltration was observed in and around the periportal area (data not shown). The gross findings in the PEEP + PFC group showed that the livers were normal in shape and colour. Light microscopy findings were similar to those in the PFC group.
The kidneys in all groups were normal in shape and colour. Light microscopy findings showed no obvious between-group differences. The glomeruli were congested and the renal interstitium was mildly oedematous. Casts and inflammatory cell infiltration were visible and necrosis of the epithelial cells was occasionally observed (data not shown).
There were no between-group differences in the macroscopic or microscopic findings relating to the small intestines. An inflammatory exudate was visible in the mucosa and/or submucosa, epithelial-cell shedding was occasionally observed and there were no necrotic lesions (data not shown).
Pathological scores in the lung showed that the degree of injury was greatest in the CMV group, followed by the PEEP and PFC groups, with the PEEP + PFC group showing least injury (Table 3) . Differences in the pathological scores for the lung were significant between the groups (P < 0.05). There were no significant differences between the scores in the liver, kidney or small intestine between all four groups ( Table 3) .
Levels of MMP-9 mRNA in lung tissues in the PEEP, PFC and PEEP + PFC groups were significantly lower than those in the CMV group (Fig. 2) . The MMP-9 mRNA levels in the PEEP + PFC group were the lowest. Significant between-group differences were seen (Fig. 2) . The mean ± SD 2 -∆∆CT values of MMP-9 mRNA in the CMV, PEEP, PFC and PEEP + PFC groups were 1.02 ± 0.17, 0.20 ± 0.10, 0.79 ± 0.24, and 0.10 ± 0.12, respectively (Fig. 2 ).
Discussion
Vaporized PFC can protect against ALI but the mechanism of action is unclear. In agreement with other studies, 6 -8,33,34 the present study indicated that the inhalation of vaporized PFC or administration of PEEP had significant protective effects in ALI. Furthermore, treatment with a combination Apart from lung injury, varying degrees of pathological injury were observed in the extrapulmonary organs (intestine, liver and kidneys) following induction of ALI. The occurrence of extrapulmonary organ dysfunction is suggested to play an important role in the pathophysiology of ALI/ARDS. 35 In the ALI model, vaporized PFC did not protect against extrapulmonary organ damage: a finding that may be related to a number of factors. First, seawater is a hyperosmolar fluid and its sodium chloride concentration is 3 -3.5%, about three-fold higher than that of physiological saline;
consequently, the resulting inflammatory changes and multiorgan damage observed may be different to the changes and damage seen with other reagent-induced injuries. 36 The lung injury model in the present study was induced by artificial seawater drowning and extensive oedema was observed in the alveoli and parenchyma. Large quantities of sodium and magnesium ions in seawater cause severe damage to the alveolar basement membrane. 27 The oxygenation indices following ALI induction were approximately 70 mmHg, suggesting a severe degree of lung injury; a consequence of this was a high degree of extrapulmonary organ injury. Thus, despite treatment with inhaled Secondly, it has been suggested that PFC can be detected in the extrapulmonary organs after liquid PFC ventilation. 37 In contrast to liquid ventilation, the inhaled dose of vaporized PFC was low in the present study (6 -7 ml/kg per h); as a result, only a small amount would have been retained in the lungs and extrapulmonary organs. PFC is volatile, with a short half-life 38 and, due to its low concentration, it is unlikely that PFC treatment exerted anti-inflammatory effects in the extrapulmonary organs.
Thirdly, following induction of ALI, animals were treated immediately for 2 h. It is likely that inflammatory cytokines were still being released after the inhalation of vaporized PFC was stopped. This may have resulted in the lack of protection against extrapulmonary organ injury in the PFC and PEEP + PFC groups.
The MMP-9 mRNA levels in lung tissues from the PFC group were lower than those in the CMV group in the present study. Similarly, MMP-9 mRNA levels in the PEEP + PFC group were decreased compared with animals treated with PEEP alone. These findings were consistent with the patho logical scores observed in the lung, suggesting that inhalation of vaporized PFC may protect against lung damage in ALI animal models by inhibiting the release of MMP-9. MMP-9 is produced mainly by inflammatory cells such as polymorpho nuclear neutrophils, monocytes, macrophages, eosinophils and lymphocytes 39 -41 and, under certain conditions, by cells that synthesize MMP-2, such as endothelial 42 or alveolar epithelial cells. 43 Two possible mechanisms may explain the present findings with regard to the in vitro effects of vaporized PFC on the inhibition of MMP-9 mRNA levels. First, in macrophages and other phagocytic cells, ingestion of PFC particles may result in alterations to cell membrane receptor-ligand binding. This may affect cellular responses that are dependent on membrane-bound activation mechanisms and/or may disrupt intracellular signalling. 44 In this regard, PFC can inhibit neutrophil function by the global inhibition of cellular tyrosine phos phorylation and, in particular, the Syk pathway. 45 Secondly, in airway epithelial cells, the physical properties of PFC may play an important role by providing a physical barrier that prevents the binding of stimulatory molecules to their cellular receptors. 12 In summary, the present study showed that, although vaporized PFC treatment in a model of ALI was able to alleviate lung injury, it had no marked protective effects on extrapulmonary organ injury. Further studies using different treatment parameters, such as extending the length of vaporized PFC treatment, may increase the efficacy of PFC on extrapulmonary organ injury. The present study also suggested that a reduction in MMP-9 levels may be a potential mechanism by which inhalation of vaporized PFC reduces the degree lung injury in the ALI animal model.
